Introduction 19
Microbial communities underpin all major biological and biogeochemical processes (Widder et 20 al. 2016 ). Appropriate functioning of communities has direct implications for health of people 21 (Knight et genes and community function is poorly understood (Widder et al. 2016) . 26 27 New strategies for investigation are required that are process-focused (Koskella et al. 2017) . 28
Ideally such approaches will provide knowledge on the complex interconnections between 29 community members, their combined effects, including feedbacks that shape the evolution of 30 community members (Hug and Co 2018) . Recent advances draw upon new strategies for linking 31 patterns of sequence diversity in metagenomic data sets to population genetic processes ( Recognising that SGEs are naturally adept at mobilising not only themselves, but also 55 ecologically significant genes, and that their activity is fuelled by exposure to new hosts, we 56 reasoned that promoting the activity of SGEs would bring about changes in the abundance and 57 distribution of the genetic determinants of fitness, allow tracking of dynamics and even 58 measurement of impacts on community function. 59
60
A set of ten independent experimental communities were established from 1 g samples of kitchen 61 / garden compost and propagated with bi-weekly transfer in static nitrogen-limited minimal M9 62 medium with cellulose (paper) as the sole carbon source. After one month, each of the ten 63 communities was used to found two new communities, giving a total of 20 paired communities. 64
One of each pair was assigned to the "horizontal regime", while the remainder were assigned to 65 the "vertical regime" (Fig. 1 ). The terms horizontal (H) and vertical (V) indicate the imposed 66 transfer regime: the former is expected to enhance the evolutionary success of SGEs, the latter to 67 castrate. 68
69
From the moment of the initial split (time point T 0 ) and for the ensuing 48 weeks (24 transfers 70 (T 24 )) 1 ml of each community, including the slurry of any remaining paper, was transferred to a 71 fresh mesocosm containing 19 ml of M9 medium plus fresh paper. This ensured serial passage 72 of microbes plus SGEs from each mesocosm. Half of these mesocosms (one of each pair), 73 labelled vertical communities (VCs), received no further treatment other than continued serial 74 passage on a bi-weekly basis. 75
76
The remaining ten horizontal communities (HCs) received -at the time of serial transfer -an 77 aliquot of a "SGE cocktail" that was a pooled sample of SGEs derived from each horizontal 78 mesocosm (Fig. 1) . This was prepared by taking a sample from from each of the ten 79 communities, followed by centrifugation and passage of the supernatant through a 0.22 µm filter. 80 5 After pooling the filtrate from each of the ten horizontal treatments a 1ml aliquot of the mixture 81 was placed in each HC. 82
83

Detection of SGE activity 84
To determine whether the horizontal regime promoted movement of SGEs, total DNA was 85 extracted from each T 0 community and each of the 20 T 1 communities (two weeks after the split 86 of communities into vertical and horizontal treatments) and sequenced ( Fig. 1 and  87 Supplementary Table 1) . Analysis was straightforward given the paired experimental design. 88
For each set of T 0 and descendant HCs and VCs (e.g., T 0 -1 and descendants T 1 V-1 and T 1 H-1) 89 DNA sequence data were interrogated to identify reads found solely in (and therefore unique to) 90 the horizontal mesocosm (e.g., T 1 H-1). Such unique reads are likely to stem from SGEs, or be 91 associated with SGE activity, originating from an allopatric community. 92
93
Analysis of the sequences unique to each horizontal community resulted in identification of ~26 94 million unique reads from a total of ~152 million reads across all ten communities, with an 95 average of ~2.6 million unique reads per community (Supplementary Table 2 Table 3 ). An example of a contig (T 1 H-1_35969) containing numerous 103 genes characteristic of phages is shown in Supplementary Fig. 1a . 104
105
The distribution and abundance of contig T 1 H-1_35969 and 19 other representative phage-like 106 entities (Supplementary Table 3 ) across independent mesocosms was determined by mapping 107 total reads from each horizontal and vertical metagenome onto each of the 20 phage-like contigs 108 (Fig. 2) . The predominance of these contigs in HCs is evidence of rapid amplification and 109 dissemination of genetic material. T 1 H-1_35969, originally assembled from the unique set of 110 sequences from T 1 H-1, is also present in both T 1 H-2 and T 1 V-2 and was therefore likely present 111 6 in the founding community (T 0 -2). Within two weeks this contig has amplified and spread to 112 horizontal communities 1, 5 and 6 (Fig. 2) . Contig T1H2_39307 is below the level of detection 113 in all vertical treatments, but two weeks after imposition of the horizontal treatment, this contig 114 was detected in seven of the independent HCs (Fig. 2, Supplementary Table 3) . From the 115 community perspective, less than four of the 20 phage-like contigs were detected on average per 116 VC, whereas the mean number of contigs per HCs was 11 (Fig. 2) . 117
118
In addition to phage-like contigs, assemblies of the unique sequences from HCs contained genes 119 predicted to encode traits of likely ecological significance ( Supplementary Fig. 2 ). These 120 include genes implicated in cellulose degradation, defence against SGE invasion and nitrogen 121 metabolism (Supplementary Table 4 Fig. 5a ). HCs and VCs did not always change to the same extent, or 175 in same direction ( Supplementary Figs 5a and 5b) . No significant change occurred in the overall 176 category of carbohydrate metabolism ( Supplementary Fig. 5b ), but a significant increase in β-177 glucosidase metabolism -the rate limiting step in cellulose degradation -was detected in both 178
HCs and VCs ( Supplementary Fig. 5a ) 179
180
The nitrogen-limited nature of the culture medium, combined with evidence of selection 181 favouring genes involved in nitrogen metabolism, led to closer focus on this essential resource. 182
The MG-RAST database was again interrogated, but this time at Subsystems Level 2 ( greater number of unique sequences in the HCs, but also showed a fraction of unique sequences 195 present in VCs. The latter is to be expected given that T 0 communities must contain rare 196 sequences that through the course of the selection experiment became common -and is 197 consistent with data on changes in abundance of genera (Fig. 3) . To see whether it was possible 198 to reduce this signal, genomic DNA samples from T 0 were sequenced on the HiSeq platform 199 resulting in additional 320 million reads per community. The effect of increasing depth of 200 sequence made minimal impact on detection of unique sequences (Supplementary Fig. 6b ). 201 Nonetheless, the "deep" T 0 metagenomes were used in all subsequent analyses. 202
To determine the fraction of unique reads that mapped to genes involved in nitrogen metabolism, 204 the final sets of unique reads were obtained from HCs and VCs; they were assembled, ORFs 205 identified and functionally categorised using the CDD. HCs contained significantly more unique 206
ORFs predicted to be involved in nitrogen metabolism compared to VCs (Supplementary Fig. 7) . 207
HCs were enriched in several functional classes of gene, especially those with predicted roles in 208 regulation and ammonification (Fig. 5b, Supplementary Table 9) . 209
210
To link to function, we asked whether there was evidence of an effect of the horizontal treatment 211 on a measurable community property. To this end, and with focus on the process of 212 ammonification (production of ammonia through either fixation, or reduction of nitrate / nitrite) 213 the concentration of nitrate, nitrite, and ammonia were determined in the T 24 HCs and VCs at the 214 end of the two-week period immediately prior to serial passage. The concentration of ammonia 215 was significantly higher in HCs (Fig. 6a, Supplementary Table 10 ). To check the robustness of 216 this finding the concentration of ammonia was measure during the course of a two-week period. 217
Despite substantive variability in composition of the independent communities (Supplementary 218 Fig. 4a and 4b) , a significantly greater concentration of ammonia was detected in HCs at each 219 one of nine sampling occasions throughout the two week period (Fig. 6b, Supplementary Table  220 11). A comparison between T0 communities and T24 VCs showed no change (Supplementary 221 have used naturally occurring SGEs to manipulate the abundance and distribution of genes of 229 ecological significance, shown that the dynamics of these genes can be followed, and established 230 that the magnitude of effect is sufficient to allow links to community function to be made. 231
Central to the strategy is a simple manipulation that promotes the evolutionary success of SGEs. 232
That this involves nothing more than frequent exposure of SGEs to new hosts, combined with 233 routine metagenomic analysis, means that it is readily transferable to a wide range of microbial 234 communities, from experimental constructs as here, through microbiomes of plants and animals, 235 to naturally occurring marine and terrestrial communities. 236
237
The study delivered numerous surprises. Among these, ability to maintain exceptionally diverse 238 communities through the course of a year-long selection experiment was particularly notable. 239
The transfer regime, involving passage of 1/20th of the two-week culture into fresh medium, 240 meant possibility for resource partitioning and cross-feeding, but to witness diversity in all 241 replicate mesocosms increase over the course of the experiment was unexpected (Rainey et al. were derived from allopatric communities. That these reads could be assembled into contigs 253 containing genes of ecological relevance, including those involved in cellulose degradation, 254 emphasises the dynamism of processes driven by SGEs. Ability to so clearly detect movement 255 of this DNA via comparative metagenomic approaches was an additional, but critical, bonus. 256
257
The association established between genes involved in nitrogen metabolism and enhanced 258 activity of SGEs in HCs is correlative, but is nonetheless linked to horizontally transferred 259 sequences that map to genes with predicted roles in ammonification. The association is further 260
linked to data that demonstrate a significant effect of the experimental treatment on 261 concentrations of ammonia in HCs (Fig. 6 ), but no effect (compared to T 0 communities) in VCs 262
( Supplementary Fig. 8 ). Additionally, increased ammonia in the HCs is consistent with the 263 prediction that horizontal movement of DNA will increase the rate at which community function 264 improves. 
Establishment of cellulose-degrading microbial communities 289
Microbial communities were initially established by placing ten independent 1 g samples of fresh 290 compost into 20 mL of M9 minimal media supplemented with a 4 cm 2 piece of cellulose paper 291 (Whatman cellulose filter paper). All incubations were performed in 140 mL sterile glass bottles 292 with loosened screw caps allowing for gas exchange between the community and the 293 environment. Incubation was at room temperature without shaking. Compost was sampled from 294 the Square Theodore-Monod compost heap (Paris, France) in February 2016. During the primary 295 incubation period of 2 weeks the piece of cellulose was suspended by a wire from the screw cap 296 into the media allowing for paper colonization. After two weeks, the community was transferred 297 by moving the wire-suspended cellulose paper into 20 mL of fresh M9 minimal media that also 298 contained a new 4 cm 2 piece of cellulose paper in suspension. Two more weeks of incubation 299 provided the opportunity for colonization of the new piece of suspended cellulose paper thus 300 eliminating the need for a wire-suspended community for each transfer. All community transfers 301 were performed by vortexing each bottle at maximum speed until the cellulose fibres were 302 dissolved into a slurry. 303 304
Horizontal and vertical transfer regimes 305
Vertical and horizontal transfers were performed at the exact same time every two weeks. Before 306 each transfer aliquots of the community were taken for glycerol stocks, DNA extraction, and 307 phage storage. Glycerol stocks were created by mixing 500 µl of cellulose-microbial slurry with 308 500 µl of 80% glycerol and stored at -80 ºC. For DNA extractions 2 mL of cellulose-microbial 309 slurry was centrifuged at 13,000 g for 10 min and the pellet was Transfers at two-week intervals were performed as described in Fig. 1 . The "SGE-cocktail" was 317 prepared by mixing 1 mL of homogenized community (n=10) followed by centrifugation and 318 passage through a 0.22 µm filter to remove microbial cells. Recognising the possibility that ultra 319 micro-bacteria might escape sedimentation and pass through the filter, metagenomic sequence 320 reads were recruited to seven available reference genomes. A maximum of 0.018 % of reads 321 across all horizontal and vertical mesocosms at 48 weeks matched these reference genomes 322 (Supplementary Fig. 9) . 323
324
Bioinformatic analysis 325 DNA sequences were demultiplexed using bcl2fastq, paired ends were joined using FLASh 326 (Magoc and Salzberg 2011) and initial fastq files were generated. Preprocessing of fastq files 327 13 was performed using PrinSeq (Schmieder and Edwards 2011) with a minimum length of 100 328 base pairs, minimum quality score of 25, and a maximum percentage of N's of 10%. All 329 metagenomes were uploaded to the MG-RAST metagenomic analysis server and are publicly 330 available (Supplementary Table 1 ). Gene category abundances ( Supplementary Fig. 4 ) and genus 331 identifications (Supplementary Table 6 Table  343 9). To identify unique sequences a custom bioinformatic pipeline was developed 344
(Supplementary Methods Fig. 1 ). Each Horizontal metagenome was compared to the founding T 0 345 metagenome (before the Horizontal vs. Vertical split) and the paired Vertical metagenome using 346
BLASTn. Horizontal-T 0 and Horizontal-Vertical sequence matches were removed, thus leaving a 347 set of unique Horizontal sequences that could not be identified in neither the founding T 0 -348 metagenome, nor the paired Vertical-metagenome. Sequence matches were determined using a 349 minimum e-value threshold of 1E-05, minimum alignment length of 100 base pairs, and a 350 minimum percent identity of 90%. The unique Horizontal sequences were then assembled, Open 351
Reading Frames (ORFs) were extracted, and predicted protein domains were determined through were re-established by placing 100 µl of glycerol stock into 20 mL of M9 minimal media 364 supplemented with a 4 cm 2 piece of cellulose paper and incubated for two weeks. 1 mL of the 365 cellulose-community slurry was transferred to 19 mL of M9 Minimal Media with a fresh piece of 366 cellulose and incubated for an additional two weeks. 1 mL of the community was then 367 transferred to a new bottle and 100 µl of surrounding media was sampled at various time points 368 during the two-week incubation period to determine ammonia/ammonium, nitrate, and nitrite 369
concentrations. The concentrations of all three nitrogen species were determined using 370 fluorometric assay kits according the manufacturers protocol (Ammonia Assay Kit, Sigma-371
Alrdrich, and nitrate/nitrite fluorometric assay kit) (Fig. 6 Cellulose-degrading microbial communities were established by placing ten independent 1 gram samples of fresh compost into 20 mL of M9 Minimal Medium contained within a 100 ml glass sample bottle (mesocosm) with a 4 cm 2 piece of paper as the sole carbon source. Following four weeks of incubation at room temperature and without shaking, the communities were homogenized and divided in two. Thereafter -and for the next 48 weeks -one of each pair was subject to a "vertical" transfer regime and the other a "horizontal" transfer regime ("vertical" and "horizontal" refer to the regime affecting fate of selfish genetic elements (SGEs)). For the vertical transfer regime 1 mL of homogenized community was transferred to 19 mL of fresh M9 Minimal Medium (plus paper). In this treatment movement of SGEs is confined to a single community. For the horizontal transfer regime, 1 mL of homogenized community was transferred using the same method as for the vertical regime, but additionally, each horizontal mesocosm received 1 mL of "SGEcocktail". The "SGE-cocktail" was prepared by sampling 1 mL of homogenized community from each of the ten horizontal communities. These independent samples were then centrifuged and the supernatant passed through a 0.22 µm filter to remove microbial cells. The ten SGE-containing samples were then pooled to produce the "SGE-cocktail". Under the horizontal transfer regime, SGEs repeatedly encounter hosts from other mesocosms. Paired horizontal and vertical communities were incubated for two weeks and total DNA was extracted for metagenomic sequencing. At each transfer samples were collected for DNA sequencing and glycerol stocks of each community were created and stored at -80 °C. Twenty phage-like contigs assembled from sequence reads unique to horizontal communities are listed on the y-axes. Each vertical line represents a single pair of mesocosms with communities subject to the horizontal and vertical regimes depicted in blue and orange, respectively. The xaxis of the butterfly plot is the number of reads mapping to each contig. Astrices denote the source community from which the contigs were assembled. The blue line depicts the genus-level rank abundance curve at time point T1 two weeks after the divide of founding communities into horizontal and vertical treatments. The red line is at time point T24 (48 weeks). Because there were no differences between vertical and horizontal communities at T1 or T24 data from both regimes were combined. Data are means and standard deviations from 20 mesocosms. The dynamics of two-phage like elements (a, b) and two elements containing predicted beta glucosidases (c, d) identified from assembling unique reads from horizontal communities at time point T1. Each mesocosm is represented as a vertical line and dynamics were tracked through the course of the 48 week experiment. The butterfly plot depicts normalised abundance of sequence reads mapping to each of the representative contigs from horizontal and vertical mesocosms (blue and orange, respectively). Grey / white boxes above each figure depict presence / absence of sequences from each contig in the founding T0 community (before the vertical / horizontal split). a, Relative abundance of nitrogen metabolism gene categories based on sequence annotation using MG-RAST. Data are shown as box and whisker plots depicting median, inter quartile range (box) and full data spread from 10 replicate communities; * = P < 0.05, ** P < 0.01, *** P < 0.001 (unpaired t-test). b, Total number of Open Reading Frames (ORFs) predicted to encode specific domains associated with ammonification, regulation of nitrogen metabolism, and other associated nitrogen metabolism genes in the assemblies of unique vertical and unique horizontal sequences. Data are shown as box and whisker plots depicting median, inter quartile range (box) and full data spread from 10 replicate mesocosms; * = P < 0.05 (unpaired t-test). 1, NifS; 2, NifE; 3, NapA; 4, nitrilase; 5, NtrA; 6, NifR3; 7, NtrY; 8, NifL; 9, PtsN; 10, NtrB; 11, NtrC; 12, NAC; 13, FixI; 14, FixG; 15 & 16 nitroreductases; 17, arginase; 18, cytochrome D1. Full descriptions of domains are provided in Supplementary Table 9. a, Concentrations of nitrate, nitrite, and ammonia / ammonium from mesocosms subject to horizontal and vertical regimes at 48 weeks (T24). Data are shown as box and whisker plots depicting median, inter quartile range (box) and full data spread from 10 replicate communities; **P < 0.01 (unpaired t-test). b, Ammonia / ammonium concentrations measured at nine time points during the two-week incubation period for communities from horizontal and vertical regimes at 48 weeks. Data are shown as box and whisker plots depicting median, inter quartile range (box) and full data spread from 10 replicate communities (triplicate measures were obtained from each community on each occasion). Analysis of time series data using a mixed ANOVA design showed a significant effect of treatment (horizontal vs. vertical; P = 1.96 x 10 -5 ) and a significant effect of time (P = 2.7 x 10 -24 , after Greenhouse & Geisser correction for sphericity). The interaction between treatment regime and time was not significant P = 0.69). Comparison between the vertical regime at 48 (T24) and community function at the beginning of the experiment (T0) showed no difference (see Supplementary Fig. 8 ).
